Abstract The BCiti Bike^bike share program in New York City is the largest bike share program in the USA. We ask whether expanding this program to lowerincome communities is cost-effective means of encouraging exercise and reducing pollution in New York City. We built a stochastic Markov model to evaluate the costeffectiveness of the Citi Bike expansion program, an effort to extend bike share to areas with higher costs and risks over a 10-year time horizon. We used one-way sensitivity analyses and Monte Carlo simulation to test the model uncertainty. The incremental costeffectiveness ratio of the Citi Bike expansion program relative to the current program (status quo) was $7869/ quality-adjusted life year gained. The Citi Bike expansion program in New York City offers good value relative to most health interventions.
Introduction
Bike share programs are on the rise across the world and include Bixi Cycles in Montreal, Capital Bikeshare in Washington DC, and Citi Bike in New York [1] [2] [3] . Bike share programs have grown rapidly since their introduction in the USA; about 88 million bike share trips were taken between 2010 and 2016 [4] .
Citi Bike was founded as an unsubsidized, publicprivate partnership in 2013. The program expanded by 25% in 2015 alone, and it has 10,000 bikes and 600 stations across wealthier neighborhoods in Manhattan, Brooklyn, Queens, and New Jersey [5] . Even though Citi Bike arrived relatively recently in New York City, it has since become the largest bike share program in the USA [6] . To ensure its financial sustainability, docking stations were initially placed only in high-income neighborhoods in lower Manhattan and Brooklyn [7] . However, in 2017, Citi Bike is planning an expansion program that will provide services to areas that are less affluent [8] . The bike share expansion was discussed as a means to Bhelp close health gaps by encouraging physical activity in underserved communities^ [9] .
Cyclists can rent a bike from specific dock locations throughout the city. The cyclist can pay by three methods: single ride, day passes, and annual membership. Annual memberships include unlimited rides, but the bikes must be returned to a docking station within 45-min between rides.
The city government supports the program because it provides health benefits (including exercise and reduced air pollution), fills gaps in bus and subway links, and potentially increases tourism [10] . While the bikes have appeal for transportation and tourism, their ability to combat physical inactivity and air pollution has attracted attention in the public health community [11] .
The World Health Organization estimates that physical inactivity is the fourth leading risk factor for global mortality, leading to about 3.2 million deaths globally [12] . Bicycling has been linked to increases in physical activity and air quality, thereby potentially preventing disease not just in the cyclist but also among everyone exposed to air pollution [13, 14] . A WHO report estimated that cycling about 100 min per week for 52 weeks of a year would reduce the risk of premature mortality by 10% [15] . Physical activity can also reduce the risk of cardiovascular disease, diabetes, hypertension, depression, and possibly some cancers [16] . Cycling also reduces vehicle emissions by decreasing automobile usage. The improvement of air quality brings benefits not just to cyclists, but to everyone. Poor air quality has been linked to ischemic heart disease, stroke, chronic obstructive pulmonary disease, lung cancer, and acute lower respiratory infection in children [17] . In addition, bicycling has been shown to reduce the risk of all-cause mortality independent of death by unintentional injury [18, 19] .
Bike share programs have been shown to increase the prevalence of cycling over more passive modes of transportation [11, 20, 21] . They have been credited with transportation mode shifts of varying magnitude in different cities. In London, it is believed that 2% of drivers shifted to cycling at least occasionally. Elsewhere, these numbers are much higher, ranging from 7% in Minnesota to 21% in Brisbane [21] .
Shared bikes also come with benefits for urban planners. Most importantly, they reduce the risk of bicycle theft and fill gaps in public transportation infrastructure. Bike share programs have been shown to produce shifts in of the mode of transportation for those near docking stations relative to areas that do not have docking stations [22, 23] . As a result, bike share has been shown to reduce travel times and ease automobile congestion [24] .
Finally, bike share programs may reduce expenditures on health and promote productivity in the workplace. Healthier people are more productive at work [25] . Because it is a less expensive mode of transportation than with cars or taxis, it potentially also diverts dollars that would be spent on driving-a polluting, passive form of transportation-to sectors of the economy that produce health (e.g., providing purchasing power for higher quality foods) [26] .
In this study, we focus on the health benefits of Citi Bike expansion to low-income neighborhoods. We consider only the health benefits associated with increased physical activity and reduction of air pollution as benefits and the adverse impacts of injury as harms. For costs, we include changes in medical costs, productivity changes due to injuries, and the cost of the Citi Bike expansion program itself.
Low-income communities suffer from the bulk of the burden of disease in US society [27] . The Citi Bike expansion program carries potentially greater health benefits in lower-income regions that are likely conferred on the healthy and wealthy high-income areas within the city [28] . However, this program also carries greater financial risks and the need of financial subsidies. On the positive side, it also potentially produces returns in lower health system costs because the benefits of exercise outweigh the harms of injury [29] . Therefore, our objective is to explore whether expansion of the Citi Bike program in New York City to lower-income regions is cost-effective from a health standpoint, and therefore worthy of subsidy.
Methods

Overview
A probabilistic decision-making Markov model was established to evaluate the cost-effectiveness of bike share expansion program using the Citi Bike expansion in New York City as a case study. A Markov model calculates the changes in costs and health outcomes over the life cycle of a hypothetical cohort of participants. These changes in costs and health outcomes are obtained using real-world data collected from Motivate (Citi Bike's parent company), scientific studies, and local neighborhood data derived from the US Census American Community Survey.
The proposed expansion areas for the Citi Bike program include the South Bronx, Harlem north of 130th St., Washington Heights, Astoria, Sunnyside, Woodside, Jackson Heights, East Williamsburg, Bushwick, Sunset Park, and Staten Island's North Shore/St. George. For both the Bronx and Staten Island, this would be the first Citi Bike presence, and many of these areas are beyond a 30-min ride to Manhattan, potentially producing greater financial risk for the company.
Model Structure
We included two options in the model: (1) Citi Bike as it currently exists (status quo) and (2) Citi Bike expansion.
Each arm of the model calculates changes in health and costs over a period of 10 years. We chose 10 years rather than the lifetime of the cohort because it is difficult to predict how transportation options might change in the distant future. Our hypothetical cohort was set to a mean age of 36-years at the start of the model-the median age of Citi Bike members in New York City [30] . We also conducted analyses for older-aged riders, where the health benefits are expected to be more apparent (because heart disease tends not to manifest until the mid40s). These proposed expansion neighborhoods were estimated to be home to 450,000 working residents, ages 16+ [31] .
In each arm, and for each passing year, costs, changes in health, and the probability of events (e.g., injury or the chance of dying) are added up and discounted at a rate of 3% over 10 years. Discounting is a way of accounting for the lower value humans place on future benefits relative to those that might be realized today, and 3% is a standard rate used in cost-effectiveness analysis according to recommendations of the Second Panel on Cost-Effectiveness in Health and Medicine [32, 33] .
Each of the two arms in our model contains a number of Bbranches,^representing probabilities of different events. There are three health states evaluated within these branches: (1) no injury; (2) serious injury; and (3) death. We do not account for minor injury because it has a very short-term impact on health. We define a minor injury as one in which an individual can recover from minor injury return to Bno injury^state in the model. We define serious injury as one in which the individual does not return to his or her baseline state of health.
The benefits of exercise and the harms associated with injury are measured using health-related quality of life (HRQL). HRQL is measured using the EuroQol 5D 5L (EQ5D-5L). HRQL is scaled from 0 to 1, with 0 representing death and 1 representing a state of perfect health. Serious injury was defined as that serious enough to both require hospital admission and to produce a meaningful and permanent change in HRQL over the victim's life course [34] . If a serious injury occurs, there are two possible outcomes, a fatal injury or a non-fatal injury.
In addition to injury, we also consider the health effects associated with exercise and exposure to air pollution. The model differentiates between all New Yorkers and cyclists. A cyclist was defined as someone who self-identified as riding a bike at least 100 min a week, which would create some impacts on health [15] . For all residents of the New York area, there is a reduction in air pollution exposure, but for cyclists, there is an increase in exposure because cyclists ride within traffic. An HRQL and survival benefit, therefore, is added for all New Yorkers in the branch of the Citi Bike expansion arm. The HRQL and probability of death of cyclists are improved by exercise and reduced by exposure to pollution.
In our simulations, we run 10,000 Bindividualst hrough the model. The characteristics of each individual are determined by the distribution of probabilities associated with a given model input (discussed below). The process of randomly sampling values from each distribution is known as a Monte Carlo simulation. The name of this process is derived from the famous gambling enclave, in which outcomes are determined by chance but are weighted to a mean.
A schematic illustration of the model is provided in Fig. 1 . The time cycle of the model was 1 year. A series of one-way sensitivity analyses were also conducted to evaluate the uncertainty of the model. In these simulations, one variable is tested across a range of plausible values while all other variables in the model are held constant. The model was built using TreeAge Pro V.2017 (TreeAge Software, Williamstown, Massachusetts, USA).
The primary outcomes of the analysis were discounted quality-adjusted life years (QALYs) and the corresponding incremental cost-effectiveness ratio (ICER). One QALY equates to 1 year of life in perfect health and is the product of changes in HRQL and changes in life years lived. The ICER was evaluated at Fig. 1 Markov model diagram. Health states include: no injury, serious injury, and death. Using 10,000 simulations, the hypothetical cohort transitions from one state to the next, with each transition representing 1 year. This process is repeated until all participants have either died from injury or lived out their natural life willingness to pay (WTP) thresholds of $50,000/QALY [35] . This number is considered the lower bound (most conservative) acceptable WTP and is derived both on international GDP per capita adjustments and the lower end of published WTP estimates [36, 37] .
Model Parameters
All the model parameters can be found in Table 1 .
Probabilities
Baseline mortality rates were assigned utilizing agespecific probabilities of death from CDC US life tables. Probabilities of injury rate, serious injury rate, and fatal injury rate were calculated using the 2014 New York State Department of Motor Vehicles Summary of Motor Vehicle Crashes [42] , Traffic Safety Statistical Repository (TSSR) report [46] , 2014 American Community Survey 1-Year Estimates [45] , the report of cycling trend in New York City [44] , and the report of bicycle ridership and safety in New York City [43] .
The injury rate was calculated as the proportion of persons being injured relative to the total population of the expansion area. Injury rates were calculated both for cyclists and non-cyclists. Bike ridership estimates before and after expansion were obtained from Motivate. Values are calculated according to Census Tract Adoption Expansion Areas Analysis 2017 and the American Community Survey (ACS) (see Table 1 ).
Relative Risk
Bicycle commuting is associated with reduced risk for allcause mortality [19, 49, 50] . According to WHO Health Economic Assessment Tool (HEAT), for a transportation mode shift from a car to a bicycle among individuals ages 20-64 who cycle 100 min per week, the relative risk of all-cause mortality falls to 0.9 (95% confidence interval (CI): 0.87-0.94, see Table 1 ) [47] . To estimate other transportation mode shift types (i.e., subway to bicycle, walking to bicycle), we also use HEAT to calculate the weighted relative risk of changes in such physical activity. Our mode shift distribution was drawn from Citi Bike participant surveys. About 47% of trips shifted from the use of subway to Citi Bike, 34% of trips shifted to bike share and away from walking, 9% shifted from the use of taxis to Citi Bike, 1% shifted from the use of private car to Citi Bike, 4% shifted from bus to Citi Bike, 3% shifted from private biking to Citi Bike, and 1% shifted from other transportation modes to Citi Bike. While only Citi Bike users benefit from mode shifts from inactive to active transportation, the entire population benefits from a reduction in automobile emissions. This population-level risk reduction for all-cause mortality is 0.92, with the elderly disproportionately benefiting [48] (Table 1) .
Cost
Approximately 88% of the Citi Bike usage was made by people with an annual membership [51] . We assumed that only long-term users would get health benefits from cycling [15] . Therefore, we estimate health cost savings only for annual members. However, from the standpoint of society as a whole, everyone incurs the startup costs of the Citi Bike program. These costs include annual refunds, taxes, and discounts.
The Citi Bike cost was calculated as $209/user using data from Motivate [38] . Values of non-fatal injury medical costs, fatal injury medical costs, productivity loss from non-fatal injury, and productivity loss associated with fatal injury are derived from Web-based Injury Statistics Query and Reporting System (WISQARS), which is an interactive online database provided by the Centers for Disease Control (CDC) [39] . All monetary costs were adjusted to 2017 US dollars using the consumer price index of USA and New York (Table 1) .
Health-Related Quality of Life
Bicycling increases health-related quality of life (HRQL) unless a serious injury occurs. The decrement in HRQL associated with serious injury was estimated from a study by Muennig et al., which used NYC as a case study [40] . Incremental gains in HRQL due to physical activity were acquired from a study by Rabl and De Nazelle, which estimated the health impacts due to a shift from car to bicycling or walking [41] . For other shifts, we used gains HRQL due to physical activity (Table 1) .
Key Model Assumptions
The main assumptions used in the Markov model are as follows:
(1) Minor injury will recover within a year, and there will be no QALY decrement due to minor injury [40] . would not see the same increase in tourism associated with Manhattan. Therefore, benefits from air pollution reduction of tourists were not included in this model. (7) A criminal may be less likely to commit a crime if there is someone nearby on a bicycle. Conversely, larger numbers of people exposed outside of their cars could increase the number of people who can be victims of a crime. Therefore, we assumed that these two factors would even out, and safety issues involving crimes could be excluded from the model.
Results
The incremental cost-effectiveness analysis is shown in Table 2 . Over 10 years, the bike share expansion program is associated with approximately $34 in increased costs (program costs less health savings) and 0.004 QALYs gained. The resulting incremental costeffectiveness ratio (ICER) of the intervention relative to status quo was $7869/QALY gained. We also explored impacts for New Yorkers who are 46 years old, 56 years old, and 66 years old at the time of Citi Bike expansion. The ICER of the intervention relative to the status quo was $7314/QALY gained, $6348/QALY gained, and $5040/QALY gained respectively. ICRE progressively improved with higher ages, as was conjectured from higher cardiovascular health benefit at higher ages. Table 3 presents the effects of a series of one-way sensitivity analyses on ICERs. The Citi Bike program cost had the most significant impact on ICERs. In the expansion model, at its baseline value, this cost represents the cost of running the program in more affluent areas. Increasing the intervention cost by 25% increased the ICER to $12,051/QALY gained. This change in cost can be conceptualized as the cost of any program subsidy required to maintain a level of demand equal to that in higher income, higher demand neighborhoods. Among health utility parameters, the weighted incremental gain in HRQL due to physical activity was the most influential. If the HRQL score associated with the status quo were 25% lower, the ICER would increase to $6479/QALY gained.
The Citi Bike expansion program would be costeffectiveness in the majority of simulations at a WTP value of $50,000/QALY gained (Fig. 2) .
Discussion
Between 1990 and 2015, the number of people who commute by bicycle in New York City every day or nearly every day has increased by 350% [52] . This increase has been attributed in part to better bicycle infrastructure in the city, including bike sharing. While the bike share is popular, it has been implemented primarily in wealthy areas with large numbers of cyclists, a problem common to other cities as well [35, 53, 54] . Expanding the program to less affluent areas may come with increased costs to taxpayers [54] . However, these tax dollars would also be expected to produce health returns for disadvantaged populations who need it most [27] . We analyzed the cost-effectiveness of Citi Bike expansion program, a bike sharing program intended for somewhat lower-income neighborhoods in New York City. Our study suggests that Citi Bike expansion program would come at a cost of $7869/QALY gained for society as a whole. This is a value that is comparable to some of the most cost-effective treatments in medicine and compares favorably to other programs that prevent premature death before disease and disability sets in [55] [56] [57] .
However, we found that the cost of expanding and maintaining the program is small relative to the health costs associated with taking no action. Nevertheless, we find that the cost-effectiveness of the program was sensitive to the subsidy required to maintain demand within lower-income neighborhoods. Most of the expansion costs take the form of administering and maintaining the program. This finding also has implications for other investments in exercise programs. For instance, it suggests that programs with high annual costs to induce exercise will not prove as cost-effective as one-time investments in infrastructure, like bike lanes, unless the marginal increase in exercise is quite large [34] .
Presently, the New York City government subsidizes membership fees in exchange for Citi Bike docking stations near low-income, lower-demand areas, such as housing projects. We find that a 25% increase in the membership fee-which would need to be offset by a government subsidy, reduces the cost-effectiveness of the Citi Bike program to $12,051/QALY gained. This ratio remains substantially below the cost of most medical interventions [58] and is in line with what the government currently pays to place docking stations near public housing. To date, though, subsidized docking stations have only been placed on low-income blocks within the broader Citi Bike operations areas. Extending beyond these areas presents additional risk, as they tend to be further from the central business areas within Manhattan and within areas of higher car ownership. Of course, this also presents an opportunity, as the potential for shifting people from driving to biking is also higher [11, 21, 28] . Our study has a number of limitations. While we modeled healthcare and economic costs for bicycle accident deaths and serious injuries, we did not model net economic healthcare savings associated with cardiovascular disease or broader economic benefits associated with a healthier, more economically productive population. We excluded these costs in part because the ICER was so beneficial that, even without such costs, it becomes clear that bike share is a good investment. Second, our model did not include an opportunity cost for the value of time spent in transit. Bike share comes with the dual benefit of getting exercise and getting from point A to B, both of which consume time. Additionally, bike share participants may derive Benjoyment value^utility from bike share participation that was not included in our analysis. Again, including such costs would favor the Citi Bike program, which was clearly already favorable without such estimates included. Third, our model did not explore other spillover effects. Bike share may induce bystanders to exercise via network effects. Moreover, the increased safety from more bicyclists on the road would result in lower risk for serious or fatal bicycling accidents for those who ride on personally owned bikes.
Fourth, data derived from the Citi Bike participant survey is based on participants in non-expansion neighborhoods. These data may not reflect the preferences or behaviors of users in expansion neighborhoods. Our finding also might not generalize to other cities, with different bicycle infrastructure, climate conditions, and cultural norms surrounding exercise.
Fifth, though we assumed that low-income neighborhoods would not see the same increase in tourism associated with Manhattan, this assumption biases Fig. 2 Incremental cost-effectiveness scatter-plot, Citi Bike expansion program versus the status quo. The points within the circle would produce a cost under $50,000 per QALY gained against the conclusion that Citi Bike is cost-effective because many such neighborhoods may now be becoming tourist destinations. Sixth, our model did not explicitly consider safety issues involving crimes even though we assume that such issues could be excluded from this study.
Seventh, even with the help of key officials within Motivate, it is difficult to estimate the societal cost of the program. We did consider corporate subsidies, but other subsidies are potentially relevant when estimating societal costs. For example, daily riders to some extent subsidized these costs without realizing the same benefits, for instance. Occasional users add administrative complexity to the Citi Bike system and may not derive the health benefits associated with long-term use.
Finally, we only explore docked bike sharing expansion using Citi Bike data. Other options, such as dockless bike share programs, may prove to be more cost-effective.
In conclusion, we find that the Citi Bike expansion program is cost-effective relative to most other health investments. It would be reasonable for policymakers to expand bike share program and encourage bike commuting in the name of health benefits alone. However, given model uncertainties, expansion should occur slowly, increasing in range as demand increases and subsidies can be reduced to ensure that expansion is viable.
